Essential oils (EOs) could be utilized as natural agents to improve the safety of meat products. However, the high concentration required to achieve an antimicrobial effect in foods might be incompatible with their sensory acceptance. To avoid this problem, combinations of EOs provide an effective approach reducing the odds of sensory rejection. In our study, 13 EOs of herbs and spices commonly used in the seasoning of meat products were assessed for their antimicrobial activity against Salmonella spp., Listeria monocytogenes, Escherichia coli and Staphylococcus aureus. However, only 7 of them were selected to study their synergistic effect based on their antimicrobial activity and minimum inhibitory concentration (MIC) against foodborne pathogens. EOs of thyme and cinnamon presented the largest antibacterial activity against foodborne pathogens. Combinations of selected EOs displayed a synergic effect against foodborne pathogens and also an important decrease in their individual MIC. Thyme EO presented the lowest individual MIC, but its utilization in combination decreased the MIC of the other EOs. Utilization of cinnamon EO also improved the reduction of the individual MICs of the EOs of cumin and parsley. Our results suggest the potential use of EO mixtures to control foodborne pathogens in meat products. Although the individual MIC values of selected EOs decreased, the sensory impact on meat products needs to be assessed.
Traditional dry-cured meat products are considered safe due to several factors such as reduced pH and a w , and addition of salt, nitrites, spices and other ingredients, that make it difficult for the survival and growth of food-borne microorganisms [1] . The demand of consumers for safer foods has been leading the industry to the use of preservation methods, namely through the use of natural preservatives [2] . In addition, to increase production yield, a short drying period of meat products may occur with consequent variations of pH, a w and increased probability of pathogen development. Also, hygiene factors such as cross-contamination, improper cleaning and disinfection procedures, incorrect food handling, time and temperature abuse, improper manufacturing processes or the absence or inadequate implementation of hazard analysis and critical control point plans, among others, imply a risk of food borne contamination [3, 4] . To enhance meat products safety, essential oils [EOs] of herbs and spices commonly used in meat products as natural preservatives are receiving increased attention [5] . Herbs and spices, despite their potential use as preservatives in foods, still remain as condiments generally recognized as safe [6] . The antimicrobial effect of EOs against foodborne pathogens has been studied in fresh meat, although research of their application in dry-cured meat products is scarce [7, 8] . Because differences regarding their inhibitory effect have been reported among the different EOs [9] , in vitro inhibitory assessment must be carried out prior to their application in foods [10] . Sensory characteristics are considered a key factor in the consumers´ choice [11] . The organoleptic impact of EOs should be carefully optimized, since if high EO concentrations are required to achieve an adequate antimicrobial effect, the consumer will probably reject the product due to its odour and flavour traits [12] .
To overcome that problem, the use of EO combinations to guarantee the antimicrobial activity with lower concentrations is a strategy to reduce the adverse organoleptic effects [13] . Several reports, mainly focused on fresh meat and cooked meat products, assessed the combination of EOs in the inhibition of foodborne pathogens [14, 15] , but little information is available regarding the use of EOs, either on their own or in combination in dry-cured meat products. The objective of this work was to evaluate the antimicrobial effect of the EOs of herbs and spices commonly used in the manufacture of dry-cured meats, alone and in combination, against Salmonella spp, Escherichia coli, Listeria monocytogenes and Staphylococcus aureus.
The main constituents of the 13 EOs studied are presented in Table  1 .
The most common compounds among the EOs samples were α-pinene and ß-pinene. In contrast, garlic EO presented unique chemical compounds. The EOs of some plants were quantitatively composed of one major compound that represented more than 85% of the relative composition, such as basil (estragole), cinnamon leaf (eugenol), tarragon (anethole), lemon (limonene), orange (limonene) and thyme (thymol). However, the main chemical compound of the EOs of garlic (diallyltrisulfide), nutmeg (myristicin), bay (eucalyptol) and rosemary (camphor) EOs was under 60% of the total of their relative composition. Regarding the chemical groups, all of EOs studied presented hydrocarbon monoterpenes, 8 of 13 presented hydrocarbon sesquiterpenes and 6 of 13 presented phenylpropanoids. However, sulfur compounds were exclusively present only in garlic EO. Phenylpropanoids were The antibacterial activity of the EOs assessed by the disk diffusion assay (DDA) is presented in Table 2 . EOs of thyme, cinnamon, rosemary, cumin, garlic, bay, black pepper, lemon, parsley and nutmeg presented an inhibition halo of over 10mm. However, EOs of orange, basil, tarragon were considered not inhibitory (halo ≤10mm).
The numbers of foodborne pathogens inhibited by the EOs were as follows: thyme and cinnamon (n=4), rosemary and garlic (n=3), cumin and bay (n=2), black pepper, lemon, parsley and nutmeg (n=1). The antimicrobial effect of the EOs was more evident against Gram-positive than Gram-negative bacteria (p<0.001). The antimicrobial effect of each EO was not statistically significant among the strains tested for each group of food borne pathogens (p>0.05)
The MICs of selected EOs are presented in Table 3 . The MIC of the EOs of orange, basil and tarragon was not performed due to the absence of an inhibitory effect using the DDA (halo size <10mm).
The MIC values ranged from 62.5 ppm to >300000 ppm being, on average, higher against Gram-negative microorganisms than Grampositive. The EOs with the highest MIC values were in accordance with the lowest inhibition activity observed in the DDA.
The EOs of thyme, garlic, cumin and cinnamon presented the lowest MIC among the 7 EOs studied. Of the Gram-negative bacteria, Salmonella spp. was inhibited mostly by the EOs of thyme (500 ppm), rosemary (5000 ppm) and garlic (20000 ppm), and E. coliby thyme (250 ppm), cinnamon (2500 ppm) and cumin (2500 ppm). Among the Gram-positive organisms, L. monocytogenes was mostly inhibited by thyme, garlic and cinnamon (MIC from 62.5 to 5000 ppm), while EOs of thyme, garlic and cumin (from 500 to 50000 ppm) were the most inhibitory against S. aureus. Moreover, the MIC values were high against L. monocytogenes except for bay and garlic.
To study the possibility of reducing undesirable sensory impacts of the selected EOs on dry-cured meat products, we examined the antimicrobial effect of combinations of these EOs based on the results of the DDA, MIC and potential to be used in dry-cured meat products manufacture. The combination of selected EOs against foodborne pathogens and their fractional inhibitory concentration index (FCI) are presented in Table 4 .
Almost all combinations of EOs studied displayed a synergic effect against foodborne pathogens. However, the combination of the EOs of thyme/parsley against L. monocytogenes and thyme/cumin against S. aureus showed an indifferent effect. Also, the combination of thyme/garlic EOs displayed an additive effect against S. aureus.
When thyme EO was combined with that of cumin, about a 30-fold decrease in the MIC of cumin EO was observed against Salmonella spp., about 60-fold against E. coli and 12-fold against S. aureus. However, the MIC of thyme EO did not decrease. A combination of EOs of thyme/cinnamon showed a decrease of about 60-fold for the EO of cinnamon against E. coli and about 4-fold for that of thyme when tested against L. monocytogenes. The combination of thyme Regarding Samonella spp, a combination of EOs of thyme/rosemary and garlic/bay resulted in a MIC decrease of 4-fold/30-fold in the first and 8-fold/30-fold in the second.
The application of EOs as antimicrobial agents in food is of great interest for the food industry due to their GRAS status. However, the main constrain of their application in foodstuffs is associated with changes in their organoleptic characteristics since higher concentrations of EOs are required to achieve an antimicrobial effect [16] . Therefore, the combinations of EOs to ensure the food safety without compromising the acceptance of the foodstuff could be a natural alternative [10] .
In food use, a previous in vitro assessment is necessary to select those EOs with higher antimicrobial activity in DDA and low MIC. In our study, from a total of 13 EOs studied, only 7 of them (thyme, cinnamon, cumin, parsley, garlic, rosemary and bay) presented an inhibitory profile on foodborne pathogens that justifies further studies to evaluate their applicability in meat products manufacture. The antimicrobial effects of selected EOs from herbs and spices have been reported in the literature [5] , but information available regarding their synergic effects is scarce.
The antimicrobial activity of thyme EO has been described based on its main chemical compound thymol, a phenolic monoterpenoid [2] , which was the main component of our EO under study. The strong inhibitory effect was in accordance with the largest halo in the DDA and the lowest MIC value. A combination of thyme and cumin EOs displayed a synergistic effect against Salmonella spp and E. coli, although an indifferent effect was observed for S. aureus. In contrast, it has been reported [17] that a combination of those EOs displayed an antagonistic activity against S. typhimurium, an additive effect against S. aureus and an indifferent effect against E. coli. The analysis of cumin EO by GC/MS revealed that cuminaldehyde, p-cymene and t-terpinene were the main chemical compounds [18] .
The monoterpene p-cymene is the precursor of thymol [2] . Although reports indicated its inefficient antimicrobial characteristic when used alone [19] , it enhanced the effect of carvacrol and its analogue thymol [20] .
p-Cymene perturbs the stability of cell membranes [20] but does not seem to have an effect on its permeability [21] . An antimicrobial effect of cuminaldehyde against S. aureusand Salmonellahas been reported [22] . The mechanisms of action include inhibition of metabolism energy and interaction with the bacterial cell membrane leading to its disruption [23] . The mode of action of thymol has been associated with its interaction with the membrane proteins, modification of the membrane permeability and intracellular targets. Thus, the disruption caused by p-cymene on cell membranes and the change of normal physiology of the microorganisms caused by cuminaldehyde probably enhanced the interaction with thymol, improving its action on the cell cytoplasm.
The synergistic effect observed for the combination of thyme and cinnamon EOs against E. coli and L. monocytogenes was associated with its main chemical compounds, thymol and eugenol. A combination of these components has been reported to have either a synergistic [24] or additive action [25] against E. coli, while other researchers [26] reported a synergistic effect against L. innocua. The synergistic effect of thyme and cinnamon EOs may be associated with the damage to the outer membrane caused by its main chemical compounds [24] .
A combination of thyme and rosemary EOs resulted in a synergistic activity against Salmonella spp. The chemical components of rosemary EO, eucalyptol and camphor, observed by GC/MS have been referred to as weak antimicrobials [27] , but they may enhance the antimicrobial effect of thymol [28] , as previously observed for p-cymene.
A combination of thyme EO with either parsley EO or garlic EO showed an additive effect against L. monocytogenes and S. aureus, respectively. Although no inhibitory activity was reported for this combination against L. innocua [29] , the presence of myristicin, cosmene or ß-pinene with inhibitory properties [30] may explain the additive effect with thyme EO. A similar situation could be addressed for the combination of cinnamon and parsley EOs against L. monocytogenes. It is important to note that the combination of different EOs with thyme EO resulted in a large decrease in the respective individual MICs, whereas the MIC of thyme remained equal, as observed for the combination of thyme/cumin EO or experienced a little reduction in the case of combinations of thyme/cinnamon and thyme/garlic. These results are difficult to explain because the current study was carried out with EOs that were composed of a large variety of chemical compounds. However, the interaction of phenolic compounds (thymol) with benzaldehydes (cuminaldehyde) seems to result in a better antimicrobial effect than interaction of phenolic compounds with either phenylpropanoids (eugenol) or sulfur compounds (garlic). These variations could be associated with the different cell targets of each chemical compound.
The antimicrobial effect of garlic is associated with reactions with sulfhydril groups of cellular proteins of the microorganisms disturbing the cellular metabolism [31] in contrast to terpenoids that have the cell membrane as the main target. Thus, the additive effect observed in the combination of thyme/garlic EOs against S. aureus and the synergic effect against Salmonella spp. of garlic/bay EO, with a large decrease in the MIC of bay EO, could be explained by the different antimicrobial targets of thymol, eucalyptol and sulfur compounds. A combination of cinnamon and cumin EOs displayed a synergic effect against E. coli [24] although an additive effect had been reported [32] .
The present study showed that the EO from herbs and spices used with meat products as seasoning presented variable antimicrobial activity against Salmonella spp, L. monocytogenes, E. coli and S. aureus under in vitro conditions. Since these EOs have a potential to be used in meat products as ingredients, the utilization of mixtures may decrease the sensory impact while maintaining the safety and quality of meat products. Oil analysis: Components of the EOs were analyzed by gas chromatography-mass spectrometry using a Trace GC Ultra gas chromatograph (GC/MS -Thermo Scientific) coupled to a PolarisQ ion trap detector mass spectrometer (Thermo Scientific) and equipped with a Zebron Inferno ZB-5HT 30m x 0.25mm x 0.25μm capillary column (Phenomenex).
Experimental
The oven temperature for the gas chromatograph was initially maintained at 40°C for 5 min, then ramped at 4°C min −1 to 200°C and then at 10ºC min -1 to 260ºC, and maintained at 260ºC for 24 min. The injector temperature was 250ºC. The amount of sample injected was 1 μL in split mode (split ratio 1:52) and the carrier gas was helium at a flow rate of 0.9 mL min −1 . The mass spectrometer was run in electron impact (EI)] mode with electron energy at 70 eV.
The mass spectrometer was operated in full scan mode between 33 and 300 amu. The retention indices were determined in relation to a homologous series of n-alkanes (C 10 -C 30 ) under the same operating conditions. Further identification was performed by comparing the mass spectra of the components of the EOs with those in the mass spectrometry library (Wiley Registry of Mass Spectra 2001 Library Data, sixth ed.) and data from the literature. Relative percentages of the components were calculated based on gas chromatography peak areas.
Microbial testing: Stock cultures (Salmonella spp., E. coli, L. monocytogenes and S. aureus) were isolated either from traditional dry cured sausages during their manufacture or from the environment of their production. For each pathogen, a strain from the culture collection was also included. All wild type isolates used in this study were identified by a species-specific PCR technique [33] . Each microorganism was maintained at -18ºC and subcultured twice in Brain Heart Infusion (BHI, Biokar. Beauvais, France). Incubation was made at 37ºC except for L. monocytogenes (30ºC). Overnight cultures in BHI were streaked on BHI agar and incubated during 18-24 h. To prepare the inoculum for a sensitivity test to EOs, a suspension of each isolate previously cultured in BHI agar wasmade in NaCl 0.85%. The turbidity of the suspension was adjusted to 2 McFarland standard (Biomerieux, Marcy-l'Etoile, France).
The antimicrobial effect of EOs against Salmonella spp., L. monocytogenes and S. aureus was screened by the disk diffusion assay (DDA), as described [34] . The results represented the net zone of inhibition including the diameter (6 mm) of the paper disk and are the mean of 3 determinations for each isolate tested. The antimicrobial activity of the EOs was considered as inhibitory when the halo´s size was >10 mm.
The minimum inhibitory concentration (MIC) was studied for the EOs that previously showed an inhibitory effect with the DDA (halo size >10mm). The dilutions of the EOs were established based on Essential oil to control foodborne pathogens in meat products Natural Product Communications Vol. 12 (2) 2017 285 the inhibitory profile observed in the DDA. The assay was based on the procedure described [35] with 96-well microtitre plates. EO dilutions were prepared directly on the Mueller-Hinton broth (MHB -Biokar, France) to the double of the desired final concentration of the EO. The inoculum of the target microorganism was prepared also in MHB to double that of the aimed concentration (ca. 5.7 log CFU/mL). In each well, 50 µL of each EO dilution in MHB was combined with 50 µL of each target microorganism suspended in MHB. The plates were covered and incubated during 24 h. The plates were then checked for visible growth in the wells.
The MIC was the lowest concentration of EO constituents at which bacteria failed to grow (no visible changes detected in the broth medium). The test was complemented with the count of appropriate serial dilutions of the culture in the well performed in MHA.
The checkerboard by broth microdilution method was performed using 96-well microtitre plates [36] , with some modifications, to obtain the fractional inhibitory concentration FIC index. The microplate assay was arranged as follows: essential oil A (EOA) was diluted two-fold along the x-axis, whilst essential oil B (EOB) was diluted two-fold along the y-axis. Both EOs were diluted directly on MHB to achieve the final concentration desired. The previously determined MIC of each EO, considered as the initial concentration, was added to all wells. The plates were incubated at 37ºC for Salmonella spp, E. coli and S. aureus and at 30ºC for L monocytogenes for 24-48 h. The interpretation of the results [10] was as follow: FIC ≤0.5 assigned as a synergistic effect, 0.5<FIC≤4 an additive effect, 1<FIC≤4 represented as no interactive effect, and FIC>4 indicated an antagonistic effect between two EOs tested.
The comparison of the antimicrobial activity of EO against each microorganism was carried out by one-way analysis of variance. The Tukey-Kramer test was used to determine the significant differences (p<0.05) among group means. Statistical analysis was made with SPSS 19.0 software (SPSS Inc., Chicago) for Windows, considering p< 0.05 as statistically significant.
